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Abstract
Understanding how fine-scale changes in soil characteristics and plant community
composition affect ecosystem functioning is key to predicting how biome shifts will affect
regional and global carbon cycling. This is crucial in the dryland biomes of the US
Southwest, projected to be one of the regions most affected by climate change. We examined
fine-scale drivers of ecosystem function within two biomes – a Chihuahuan Desert grassland
and Plains/Chihuahuan Desert ecotone – via long-term vegetation data, micrometeorological
data, eddy covariance carbon flux measurements, and soil water and texture, finding that the
ecotone site had over 30% higher soil water content, over 20% greater plant biomass, and
sequestered 1.3 times more carbon than the desert grassland. We attribute this difference to
the ecotone having over 70% greater soil clay content than the desert grassland. Our analyses
suggest that site-specific differences in soil texture greatly impact plant community structure,
soil water content, and carbon sequestration.
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Introduction
The rate at which natural biomes are changing in response to environmental change
and human driven disturbances highlights the importance of understanding how changes in
ecosystem structure may affect ecosystem function (Gonzalez et al., 2020; Grimm et al.,
2013). Although large-scale changes in ecosystem structure, e.g. rapid transitions between
forests and grasslands, desertification, or losses of foundation plant species, have large
impacts on rates of carbon sequestration and carbon dynamics in most biomes (Cramer et al.,
2001; Ellison et al., 2005; Magnan et al., 2022; Sleeter et al., 2018), it is less clear to what
extent more subtle changes in species composition can alter ecosystem function. Whether or
not an ecosystem is a carbon source or sink is dependent upon the balance between the total
amount of carbon coming in through photosynthesis and leaving through both autotrophic
and heterotrophic respiration, both of which can be altered by changes in species
composition, in some biomes more than others (Maron et al., 2018; Oliver et al., 2015;
Peltzer et al., 2010; Prommer et al., 2020; Scott et al., 2010; Tilman et al., 1996). Given the
complex and dynamic nature of the effects of structural changes on ecosystem functioning, it
is important to better understand how ongoing plant community and species shifts will affect
ecosystem functioning.
Dryland ecosystems cover roughly 40% of Earth’s terrestrial surface, and contribute
more to the interannual variability in land carbon fluxes than any other terrestrial ecosystem
(Ahlström et al., 2015; Zhang et al., 2018). Grassland ecosystems, in particular, constitute
about 75% of drylands globally (~30% of Earth’s terrestrial surface) and account for 10-30%
of terrestrial soil carbon stores (Booker et al., 2013; Scurlock & Hall, 1998; Wang et al.,
2019). Consequently, quantifying carbon fluxes, the relationship between structure and
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function, and the sensitivity of fluxes to environmental drivers across grassland biomes are
crucial to understanding both dryland and global carbon dynamics (Anderson‐Teixeira et al.,
2011; Biederman et al., 2017; Chapin et al., 2006; Huxman et al., 2004; Knapp et al., 2002,
2015; MacBean et al., 2021; Reichstein et al., 2005; Vargas et al., 2012).
While many studies have compared grassland ecosystems across large climate
gradients (Maurer et al., 2020; Petrie et al., 2018; Sala et al., 1988), few have linked finescale structural differences in plant communities with ecosystem function, particularly
carbon fluxes (Li et al., 2021; Milcu et al., 2014; Petrie et al., 2016). In addition, structural
changes stand to alter xeric and mesic grasslands differently. For example, Knapp et al.
(2008) found that shrub encroachment in arid grasslands decreased carbon sequestration,
while shrub encroachment in mesic grasslands greatly increased carbon sequestration.
Although the rate of structural changes is increasing with altered climate and disturbance
regimes, the consequences on ecosystem function have been understudied, particularly in
dryland ecosystems (Maestre et al., 2016).
Changes in plant communities at ecotones, where dominant species exist near their
physiological limits, are of particular interest because their dynamics may not be simple
additive effects of the combining ecosystem types (Maher et al., 2005; Smith & Goetz,
2021). At ecotones, plant communities often contain unique combinations of adjacent
ecosystems, which can result in greater species diversity and more fine-scale niche
partitioning than in neighboring ecosystems (Senft, 2009; Smith & Goetz, 2021). Because
many of the species within these communities occur at or near their geographic limits,
ecotones are also likely to be more dynamic and sensitive in their responses to abiotic
variables (Peters and Yao, 2012; Rudgers et al., 2018). Additionally, the unique assemblages
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at ecotones result in novel interactions between species, as well as novel responses to abiotic
conditions, that can have strong effects on ecosystem functioning (Fagan et al., 1999; Jobe
IV and Gedan, 2021; Smith and Goetz, 2021).
During the past few decades, an ecosystem-scale state transition from Plains
grasslands to Chihuahuan Desert grassland (Anderson‐Teixeira et al., 2011; Collins and Xia,
2015) has been ongoing in central New Mexico. This important grassland ecotone of the
southwestern US occurs between two distinctive C4 grass-dominated communities, black
grama (Bouteloua eriopoda)-dominated Chihuahuan Desert grasslands from the south and
blue grama (Bouteloua gracilis)-dominated Plains grasslands from the north and east (Fig. 1).
The distribution of these grasslands is likely tied to the sensitivities of the dominant grasses
to the environment. Specifically, B. eriopoda is less sensitive to summer drought conditions
than B. gracilis, which is primarily distributed in wetter regions geographically (Munson et
al., 2013, 2021). B. gracilis is also constrained to deeper soils that contain thicker, clay-rich
B-horizons, while B. eriopoda is less limited by soil properties (Buxbaum and Vanderbilt,
2007).
Physiological differences between the two species may underlie their divergent
responses to climate conditions (Rudgers et al., 2018). Under drought conditions, B. gracilis
leaves remain green but curl up tightly, and deep roots are discarded, while shallow roots are
conserved (Ares, 1976; Lauenroth and Sala, 1992). These adaptations allow B. gracilis to
respond quickly to water by leaf opening and water uptake and thereby speed carbon
sequestration when soil moisture conditions are favorable (Thomey et al., 2014). B. eriopoda
allocates carbon to root production while reducing above-ground biomass and leaf area
(Fernández et al., 2002). These reductions minimize water loss during drought but slow
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recovery through rapid photosynthetic response when soil moisture conditions improve,
because fewer leaves remain on plants (Fernández and Reynolds, 2000; Hamerlynck et al.,
2011; Thomey et al., 2014). Climate models project an increase in temperatures, aridity, and
variability in climate in the US Southwest (Bradford et al., 2020; Cook et al., 2021; Seager et
al., 2007), and Rudgers et al. (2018) suggests that B. eriopoda will benefit from these climate
changes and eventually replace B. gracilis along this ecotone. These differences in the
physiological responses of the dominant species to drought (Thomey et al., 2011) and species
richness and diversity (Griffin-Nolan et al., 2019) suggest we should observe differences in
ecosystem function between these two grasslands and see an increase in B. eriopoda at the
expense of B. gracilis, which could have unknown consequences for regional carbon and
water dynamics (Rudgers et al., 2018).
We examined fine-scale relationships between structure and function between the
Chihuahuan Desert grassland and Plains/Chihuahuan Desert ecotone by comparing long-term
vegetation, micrometeorological data, and eddy covariance carbon flux measurements in both
biomes. We tested the following specific hypotheses: 1) Higher plant species diversity and
greater plant biomass in the Plains/Chihuahuan ecotone will lead to greater carbon
sequestration in the ecotone than Chihuahuan Desert grassland. 2) Because B. gracilis,
maintains more aboveground biomass during drought and responds faster to water
availability than B. eriopoda, we expected to see higher ecosystem-scale gross primary
productivity and net ecosystem exchange in the ecotone following precipitation, but higher
respiration during drought. Arid and semiarid grasslands are vast, and the US Southwest is
projected to be one of the regions most affected by climate change (Anderegg &
Diffenbaugh, 2015; Maurer et al., 2020; Zhang et al., 2021); therefore, understanding how
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variability in ecosystem structure influences carbon dynamics will provide greater predictive
power for how these ecosystems will respond to climate change.

Methods
Site Descriptions
The AmeriFlux US-Seg site (desert grass) is located within the McKenzie Flats area
of the Sevilleta Long Term Ecological Research site (LTER) (34.362°N, -106.702°W; Fig.
1). This site is a relatively flat Chihuahuan Desert grassland, dominated by B. eriopoda (72%
of total biomass), that lies at 1596 m above mean sea level. In August 2009, this site
experienced a severe burn caused by a lightning strike. The AmeriFlux US-Seg eddy
covariance tower at this site has been in continuous operation since 2007, except for a fewday period following the 2009 fire.
The AmeriFlux US-Sen site (ecotone) is a transitional mixed-grass grassland, located
< 2 km away from US-Seg within the McKenzie Flats area of the Sevilleta LTER (34.358°N,
-106.680°W; Fig. 1). This site sits at the ecotone of Plains and Chihuahuan Desert grasslands
and is a relatively flat, mixed-species grassland that lies at 1603 m above mean sea level and
contains both B. gracilis and B. eriopoda. Although both sites were dominated by B.
eriopoda (62% of total biomass), we considered this site, with 10% of the total biomass made
up of B. gracilis, to be more indicative of the ecotone between Chihuahuan Desert grassland
and Plains grassland (Collins et al., 2020; Muldavin et al., 1998). The most recent
disturbance in this area was a prescribed burn in June of 2003. The AmeriFlux US-Sen eddy
covariance tower at this site has been in continuous operation since January 1, 2010.
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Fig. 1 Map of grassland sites within the Sevilleta National Wildlife Refuge, in central New Mexico, USA.

Site Soils and Climate
The soils at both sites range from sandy loam to loamy sand, with pedogenic
carbonate layers (caliche) lying approximately 30-35 cm below the surface at the desert grass
site and > 55 cm below the surface at the ecotone site. The Koppen climate classification for
both sites are Bsk (Semiarid/Steppe: warm winter), and due to their proximity, both sites
experience nearly identical climatic conditions. From January 1, 2010 to December 31, 2020,
mean annual precipitation at the desert grassland was 224.2 ± 16.3 mm and mean annual
temperature was 13.84 ± 0.14°C, while at the ecotone site, mean annual precipitation was
219.4 ± 15.2 mm and mean annual temperature was 13.57 ± 0.18°C. Both sites were
historically used for livestock grazing; however, grazing has been excluded from the area
since 1973.
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Eddy Covariance
Direct measurements of carbon, water and ecosystem exchange were quantified
above both sites using open-path eddy covariance. Vertical wind velocity was measured via a
three-dimensional sonic anemometer (CSAT-3, Campbell Scientific, Logan, UT, USA), and
atmospheric CO2 concentrations were measured using an open-path infrared gas analyzer
(LI-7500, LiCor, Lincoln, NB, USA) at a frequency of 10 Hz. The systems are controlled by
Campbell Scientific CR-3000 and CR-5000 data loggers at the desert grassland and ecotone
sites, respectively. Half-hourly net ecosystem exchange (NEE) of carbon between the
atmosphere and land surface were produced by correcting covariances between 10Hz time
series of vertical wind velocity and CO2 concentration measurements for the effects of
temperature and water vapor on density fluctuations using the WPL method (Webb et al.,
1980) and anemometer tilt in relation to the terrain (Anderson‐Teixeira et al., 2011). NEE
was partitioned into its constituent parts, gross primary production (GPP or total carbon
coming into the ecosystem through photosynthesis) and ecosystem respiration (Reco, the
combination of both autotrophic and heterotrophic respiration), using the method outlined by
Reichstein et al. (2005). We used relationships between nighttime Reco and temperature to
calculate daytime estimates of Reco, and estimated GPP as Reco -NEE (Flanagan et al., 2002).

Soil Measurements
We used continuously measured soil temperature (TCAV-L50, Campbell Scientific,
Logan, UT, USA) and volumetric soil water content (SWC, CS616, Campbell Scientific,
Logan, UT, USA) at depths of 2.5-, 12.5-, 22.5-, 37.5-, and 52.5 cm in four soil pits at each
tower site, from 2010-2020, at the desert grassland and ecotone sites to understand the
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relationship between soil conditions and ecosystem CO2 fluxes. We collected horizontal
cores at depths corresponding to installed soil instruments from three 55 cm pits at each site
~10 m from the locations of the soil moisture and soil temperature probes to estimate soil
particle size and texture analyses using the USDA-NRCS hydrometer method procedure
(section 3.2 of the Soil Survey Field and Laboratory Methods Manual; Soil Survey
Investigations Report No. 51; Version 2 (2014). After soaking 50.0 g of the < 2 mm soil in a
distilled water (100 mL) and sodium hexa-metaphosphate (100 mL) solution overnight (no
pretreatment was used), we determined particle fractions using the hydrometer method
(Bouyoucos, 1927). USDA sand fractions (0.05 to 2 mm) were determined by sieving, oven
drying, and weighing the samples after the hydrometer analysis was complete.

Micrometeorological Measurements
Continuous time series of 30 minute averages of ambient air temperature, vapor
pressure deficit, and relative humidity (HMP45C, Vaisala, Helsinki, Finland), net solar
radiation (CNR1, Kipp & Zonen, Delft, Netherlands), and photosynthetically active radiation
(PAR, PQS1, Kipp & Zonen, Delft, Netherlands at US-Seg and LI190SB-L30, LiCor,
Lincoln, NB, USA at US-Sen) were used to determine the important meteorological drivers
of carbon dynamics in these C4-dominated grasslands. Precipitation at both sites (TE525MML50, Texas Electronics, Inc., USA at desert grassland and TR525USW, Texas Electronics,
Inc., USA at the ecotone site) was output as the sum of total precipitation, in mm, every 30
minutes. Long-term averages of precipitation and Tair for pre-study years 1981-2010 were
obtained from the PRISM Climate Group. Additionally, Standardized Precipitation

8

Evapotranspiration Index (SPEI) values were calculated at monthly increments from 1 month
through 12-month integrations for each site from 1983 through 2020.

Vegetation Structure, Biomass, and Diversity
We used long-term species level net primary production (NPP) surveys (2011-2020)
conducted by the Sevilleta LTER field crew to quantify vegetation structure, density, and
species richness and diversity at each site. At each tower site, 20 permanent 1 m2 quadrats, at
10 m intervals along one 100 m transect and two 50 m transects, have been non-destructively
sampled since 2011, twice per year (in April/May to quantify growth in the spring, and in
Sept/Oct to quantify growth in monsoon) using a volumetric method, in which dimensions
(cover and height) of individual plants are used to estimate the biomass of each species per
quadrat as described in Rudgers et al. (2019). Biomass of individual species was summed for
each 1 m2 quadrat, and mean biomass calculated for each site, year, and season. Species
richness was calculated as the total number of species that were present in the site for the
given season and year and species diversity (Shannon diversity index) was calculated using
each species’ proportion of the total vegetation biomass as abundances.

Data Analysis
For analyses, NEE, GPP, Reco, soil water content, SPEI, precipitation, vapor pressure
deficit, photosynthetically active radiation, and air temperature, from January 1, 2010
through December 31, 2020, were summarized on daily, seasonal (spring = March-June, and
monsoon= July-October) and annual timescales. Seasonal and annual differences in fluxes,
biomass, Shannon diversity, species richness, and soil water between sites were analyzed
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using paired t-tests that were paired by time and ANOVA in R (R Core Team, 2020). The
relationships between each soil particle size class and soil water content were analyzed using
correlation and regression analysis in R (R Core Team, 2020).
We compared models to best predict each flux (NEE, GPP, Reco) using biomass,
Shannon diversity, species richness, SWC for each depth, and SPEI at seasonal time scales,
using total seasonal NEE, GPP, and Reco for each site. We selected the best model from the
null model, the predictor alone, and models including interaction and additive terms with
season and site (together and separately). The best models were selected using the AIC
criterion and R2 values were calculated using the ‘rsquared’ function (R Core Team, 2020).
Best models were also tested for nonlinearities in flux responses by adding quadratic, cubic,
or polynomial terms to the biotic and abiotic predictors to linear models. We then used the
‘acf’ function in the R core ‘stats’ package to evaluate if temporal autocorrelation should be
included. All statistical analyses and tests for normality of residuals and homogeneity of
variances were carried out using R statistical software (R Core Team, 2020).
To compare differences between the two sites in rates of carbon sequestration
following precipitation pulses, all precipitation events that met the following criteria were
selected: ≥ 20 mm events of similar magnitude during the monsoon and occurred on the
same day in both sites. Site-specific flux responses were compared by looking at the
difference in the rate of change in daily NEE, GPP, and RE for up to 9 days after the pulse
(4-9 days, determined by next precipitation event). To determine differences in the change in
NEE, GPP, and Reco during long duration, dry periods between the sites, we compared the
difference in the rate of change in NEE, GPP, and Reco over time for periods of dry down,
where no precipitation fell for at least 20 days during the monsoon season (July-October). In
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total we isolated all dry down events for our analyses. We combined precipitation pulses and
dry down periods into models to test for differences among ecosystems in the response of
carbon sequestration to precipitation pulses and dry downs using linear models with NEE,
GPP, and Reco as a function of the interaction between days since pulse and ecosystem type
for precipitation pulse responses and NEE, GPP, and Reco as a function of the interaction
between days of dry down and ecosystem type. A significant interaction during either
condition would indicate that on average, one ecosystem has a stronger sensitivity of NEE,
GPP, and/or Reco (functioning) to rain pulses and/or dry downs than the other. Lastly, we
compared soil water retention by isolating periods after precipitation pulses where no soil
water content increases occurred for at least 20 days after a precipitation event. From these
events, we compared rates of soil water decrease by looking at the difference in the rate of
change in daily soil water content at 12.5 cm for the 20 days following the pulse.

Results
Abiotic environment
Mean precipitation, air temperature, vapor pressure deficit, and drought conditions
(SPEI) did not significantly differ between the desert grassland and ecotone sites on daily,
seasonal, or annual time scales during the study period (p > 0.05). The most striking abiotic
difference between the sites was that ecotone soil water content was significantly higher than
soil water content at desert grassland, at all depths across the soil profile (each depth, p <
0.001; Table 1). Mean annual soil water content at the 12.5 cm depth was 20% greater at the
ecotone site than at desert grassland (11.8 ± 2.0% at ecotone and 9.6 ± 1.8% at desert grass).
This depth is important because it was the best predictor of the fluxes and falls in the center
11

of the rooting zone of the dominant grasses (upper 20-30 cm), which accounted for over 70%
of the total mean biomass at both sites during the study period. Mean integrated soil water
content from 0-55 cm was 30% greater at the ecotone site than at desert grassland (11.4 ±
1.8% at ecotone and 8.7 ± 1.3% at desert grass).
Table 1 Mean annual soil water content for SWC (integrated mean across all depths), SWC Root (integrated
mean for 2-,12-, and 22 cm depths combined), and 12 cm (mean at 12 cm depth) and mean percentage of soil
texture components (clay, silt, sand) by site. Soil texture type LS = loamy sand and SL = sandy loam.

The two sites also significantly differed in the percentage of each soil component
(clay, sand, silt) (p < 0.05), and thus, in overall soil texture. The overall soil texture of the
ecotone site was a sandy loam, while the texture in desert grassland was a loamy sand. The
ecotone site had more than 1.7 times the mean clay content (13.7 ± 2.7%) of desert grassland
(7.9 ± 4.0%; Fig. 2), while desert grassland had a greater percentage of sand (80.1 ± 5.6%)
than the ecotone site (76.4 ± 3.6; Table 1). In both sites, soil water content was positively
correlated with clay content in the soil (r2 = 0.65, p < 0.001) and negatively correlated with
sand content (r2 = -0.55, p < 0.01). Water retention in the soil after precipitation events was
significantly greater at the ecotone site compared to the desert grass site (p = 0.003), when
we tested SWC ~ ecosystem type*(poly(days since pulse,2)). Within the first 20 days after
precipitation pulses, mean daily soil water content at the 12.5 cm depth decreased in the
desert grassland site at rates over 53% greater than soil water content decreased at the
ecotone. The mean daily soil water content at 12.5 cm was 19.3 ± 4.3% at desert grass and
18.7 ± 3.6% at ecotone on the first day after the precipitation pulses, while the mean daily
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soil water content at 12.5 cm was 11.9 ± 2.7% at desert grass and 14.4 ± 2.9% at ecotone on
the twentieth day after precipitation pulses.

Fig. 2 (Left) Average percentage of clay by depth for the ecotone and desert grassland sites. Error bars represent
±SE. Percentage of clay content was significantly different between sites overall (p < 0.001). (Right) Mean
daily soil water content (%) at 12 cm depth after precipitation events during monsoon season of 2017. Solid
lines represent soil water content at the desert grassland site and dashed lines represent soil water content at the
ecotone site. Bars represent total daily precipitation (mm) for the ecotone site (blue) and the desert grassland
site (black). Stars represent significant differences in SWC in days following the precipitation event. The
monsoon of 2017 is shown, but this pattern was consistent across seasons and years.

Plant structure
The plant community at the ecotone site had significantly greater mean seasonal
biomass during both spring (p = 0.002) and the monsoon (p = 0.041; Fig. 3a) from 2011
through 2020 compared to the desert grassland site. Mean annual biomass at ecotone during
this period was 96.4 ± 50.6 g m-2, which was over 20% greater than the desert grassland at
79.0 ± 49.3 g m-2, and seasonal biomass was greater at ecotone in 15 of the 17 seasons
surveyed. The magnitude of site differences in biomass varied seasonally, such that the
ecotone site had 10% more biomass than the desert grassland during the monsoon but 1.4
13

times more during the spring (Table 2). There were no differences in species richness
between sites in the spring (p = 0.465) or the monsoon (p = 0.125) seasons (Fig. 3b), whereas
Shannon diversity was greater at the ecotone during the spring (p = 0.046) but not the
monsoon (p = 0.283; Table 2).
Table 2 Seasonal mean ±SD vegetation biomass, Shannon diversity index (Diversity), and species richness by
site for the desert grassland (DG) and ecotone sites. Data is from 20 1-m2 quadrats in each site for 9 spring and 8
monsoon seasons between 2011-2020.

Fig. 3 (a) Mean seasonal vegetation biomass and (b) Mean seasonal species richness for ecotone (blue) and
desert grassland (black) sites. Error bars represent ± SD. Biomass was significantly different between sites
during the spring (p = 0.002) and during the monsoon (p = 0.041), while species richness did not differ between
sites during spring (p = 0.125) or the monsoon (p = 0.465).

In both sites, biomass was more responsive to soil water content during the monsoon
than during the spring, with increases over six-fold during the monsoon than during spring in
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both grasslands (Fig. 4a). During the spring, increases in soil water content had little effect
on biomass levels, but during the monsoon, biomass increased by over 20 g m-2 with each 1%
increase in soil water content (Fig. 4a). In contrast, species richness did not have as
pronounced a difference between the spring and monsoon seasons and increased with soil
water content at similar rates in both seasons (Fig. 4b). Biomass increased with greater
species richness during both the spring and monsoon seasons with greater rates of increase
during the monsoon (Fig. 4c). Additionally, plant species richness was more strongly
correlated with total plant biomass than any other biotic or abiotic variable in both seasons
(spring r2 = 0.48, p < 0.01; monsoon r2 = 0.62, p < 0.001), although we expected biomass to
be more closely linked to Shannon diversity in these grasslands.
Fig. 4 (a) Scatterplot showing seasonal
relationships between biomass (g m-2) and mean
soil water content (%) integrated across all
depths. Each point is data from one year of
observation. Both relationships were linear, but
this relationship was only significant during the
monsoon season (p = 0.001) and not during the
spring (p = 0.084). (b) Scatterplot showing
seasonal relationships between species richness
and soil water content (%). This relationship was
linear for each season and significant during the
spring (p = 0.006) and the monsoon (p < 0.014).
(c) Scatterplot showing seasonal relationships
between species richness and biomass (g m-2).
This relationship was significant during the
spring (p = 0.002) and during the monsoon (p <
0.001). Blue lines represent the ecotone site and
black lines represent the desert grass site. Spring
is represented by dashed lines and the monsoon is
represented by solid lines.
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Carbon fluxes
Both grassland sites remained net carbon sinks in 9 of the 11 years (Fig. 5a), even
though mean annual precipitation during the study period was less than 80% of the long-term
30-year means (1981-2010). During the study period, the ecotone ranged from a net sink of
110.2 g C m-2 yr-1 to a net source of 54.5 g C m-2 yr-1, while the desert grassland ranged from
a net sink of 69.3 g C m-2 yr-1 to a net source of 42.7 g C m-2 yr-1. Ecotone sequestered an
average of 36.6 ± 14.6 g C m-2 yr-1, compared to 27.7 ± 10.5 g C m-2 yr-1 sequestered by
desert grassland. Overall, ecotone sequestered 30% more carbon than desert grassland overall
and was a larger carbon sink in eight of the eleven years during the study period.
Cumulatively, this translated into ecotone sequestering 402.6 g C m-2 from 2010-2020
compared to only 304.9 g C m-2 sequestered by desert grassland during this same period (Fig.
5b-d). Both GPP and Reco were greater overall in ecotone than desert grassland on both the
seasonal (p < 0.05 and p < 0.001, for GPP and Reco) and annual (p < 0.01 and p < 0.001, for
GPP and Reco) time scales.
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Source
-27.7
-36.6
Sink

Fig. 5 (a)Total annual NEE for 2010 through 2020 with mean annual NEE for each site represented by dotted
lines (ecotone = -36.6 g C m-2 yr-1; desert grassland -27.7 g C m-2 yr-1). (b-d) Total cumulative fluxes (g C m-2)
per site (b) NEE, (c) GPP, and (d) Reco. Blue lines represent the ecotone site and black lines represent the desert
grass site. Spring is represented by dashed lines and the monsoon is represented by solid lines.

Carbon sequestration and respiration rates were variable in response to specific
precipitation events and did not significantly differ between sites (p > 0.05; Fig. 6). Carbon
sequestration increased at greater rates in the ecotone after 45% of the pulse events, while
carbon sequestration increased at greater rates at desert grass after 27% of the events. The
sites had the same rates of increase during the remaining 27% of events. Respiration rates
increased at greater rates in desert grass after 45% of the pulse events, while carbon
sequestration increased at greater rates at the ecotone after 27% of the events. The sites had
the same rates of increase in respiration during the remaining 27% of events.
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Fig. 6 Scatterplots showing mean daily fluxes after monsoon precipitation events of ≥ 20 mm, with slopes
representing the response of each flux to the precipitation pulse. (a-c) Represents a precipitation event where the
desert grassland site had a more rapid response in GPP (b) than the ecotone site. (d-f) Represents a precipitation
event where the ecotone site had a more rapid response in GPP (e) than the desert grassland site. (g-i)
Represents a precipitation event where the ecotone and desert grassland sites responded the same in GPP (h).
Overall, there was no significant difference in the responses to precipitation events (n =12) between the sites (p
> 0.05). Blue lines represent the ecotone site and black lines represent the desert grass site. Spring is represented
by dashed lines and the monsoon is represented by solid lines.

Similarly, we examined the carbon sequestration and respiration rates during dry down
periods and found that the responses in our sites were very similar and did not significantly
differ between sites for NEE, GPP, or Reco (p > 0.05; Fig. 7).
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Fig. 7 Scatterplots showing mean daily fluxes during dry down periods with no precipitation > 5 mm. (a-c)
Represents a dry down period where the desert grassland and ecotone sites had linear responses. (d-i) Represent
dry down periods where the ecotone and desert grassland sites had very similar non-linear responses to drying.
Overall, we did not see a difference between the sites (p > 0.05) in the responses to dry down periods (n = 7).
Blue lines represent the ecotone site and black lines represent the desert grass site. Spring is represented by
dashed lines and the monsoon is represented by solid lines.
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Plant community structure to function in carbon fluxes
As expected, total plant community biomass was highly positively correlated with
carbon exchange in both grassland types (Table 3) and was the best predictor of NEE and
GPP compared to plant species richness or climate variables.
Table 3 Table showing best models for each of the fluxes, including interactions with season when included in
best model. Biomass was the best predictor of NEE and GPP (bolded values) and SPEI 2 was the best model for
Reco (bolded values).

However, there was no significant difference in the response of carbon fluxes to biomass or
richness between sites (ecosystem type*biomass interaction, p > 0.05; Fig. 8a; ecosystem
type*species richness interaction, p > 0.05; Fig. 8d). Overall, carbon sequestration was
greater (more negative NEE values) with more total plant biomass, although this relationship
differed between spring and monsoon seasons, such that during the spring, both sites hovered
around NEE = 0, with little sensitivity to changes in plant biomass. In contrast, during the
monsoon season, carbon sequestration in both grasslands increased as total plant biomass
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increased, and the relationship became non-linear when biomass exceeded ~125 g m-2 (Fig.
8a). Together, biomass and season accounted for 78% of the variation in NEE (R2 = 0.78, p =
0.002). GPP and Reco both increased with greater biomass, such that biomass singularly
explained 77% of the variation in GPP (R2 = 0.76, p < 0.001; Fig. 8b) and 80% of Reco (R2 =
0.80, p < 0.001; Fig. 8c). Unlike NEE, there was no significant difference between seasons in
the relationship between either GPP or Reco to biomass (p > 0.05).

Fig. 8 (a) Scatterplot showing the non-linear relationship between total seasonal NEE (g C m -2) and biomass (g
m-2) for spring (dashed line) and the monsoon (solid line). (b & c) Scatterplots showing linear relationships
between total seasonal GPP (b) and Reco (c) (g C m-2) with biomass (g m-2). None of the relationships differed
by site, but NEE and GPP differed by season. (d) Scatterplot showing the linear relationship between total
seasonal NEE (g C m-2) and species richness. (e) Scatterplot showing relationships between total seasonal GPP
and species richness. (f) Scatterplot showing relationships between total seasonal Reco and species richness.
Blue lines represent the ecotone site and black lines represent the desert grass site. Spring is represented by
dashed lines and the monsoon is represented by solid lines.
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Although we observed stronger relationships between carbon fluxes and total
biomass, ecosystem scale fluxes in both grasslands were positively related to species
richness. More carbon was sequestered (more negative NEE) in years with greater plant
species richness, but this was similar for both the ecotone and desert grass sites (ecosystem
type*richness interaction, spring p = 0.95 and monsoon p = 0.82). GPP was positively related
to species richness and differed between seasons, with GPP increasing at a rate 1.6 times
greater during the monsoon (slope = 0.08) than during the spring (slope = 0.05) at both sites.
Together richness and season explained 62% of the variation in GPP (R2 = 0.62, p < 0.001)
and did not differ between sites (ecosystem type*richness interaction, spring p = 0.87 and
monsoon p = 0.89; Fig. 8e). In both grasslands, respiration (Reco) was also positively related
to species richness, with 1.3 times greater increases during the monsoon (slope = 0.04) than
during the spring (slope = 0.03) (Fig. 8f) but did not differ between ecosystem types
(ecosystem type*richness interaction, spring p = 0.81 and monsoon p = 0.61). Species
richness and season explained 76% of the variation in Reco across sites (R2 = 0.76, p < 0.001).
Abiotic influences on carbon fluxes
Regression analyses and AICc values between integrated SPEI timescales (SPEI 1–
12-month integrations) and fluxes indicated that the two-month integrated SPEI had the
strongest relationship with the each of the fluxes, meaning the fluxes are most strongly
affected by drought conditions during the current and previous month. Ecosystem fluxes did
not differ in their responses to the drought index (SPEI 2-month integration) between
grasslands (p > 0.05). Two-month integrated SPEI was the better predictor of each of the
fluxes relative to soil water content, particularly so for NEE, and was the best overall
predictor of Reco (Table 3). The cubic model with SPEI explained 67% of the variation in
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NEE (R2 = 0.67, p = 0.015) and suggests that carbon sequestration in these grasslands is
sensitive to both the mean and variability in drought (Fig. 9a). At SPEI 2 values < 0 (dry
conditions), variability in SPEI was more likely to decrease carbon sequestration than
increase it. However, at SPEI values > 0 (wet conditions) variability favored greater rates of
increased carbon sequestration as SPEI became more positive (Fig. 9a). Both GPP and Reco
increased in both grasslands as water became more available (more positive SPEI), but GPP
was more sensitive to water availability than Reco, particularly during the monsoon (Fig. 9bc). SPEI explained 74% of the variation in GPP (R2 = 0.74, p < 0.001) and was the best
predictor of Reco, explaining 83% of the variability (R2 = 0.83, p < 0.001; Table 3).
Soil water content at the 12.5 cm depth was the best predictor of fluxes, when all 5
depths (2.5-, 12.5-, 22.5-, 37.5-, and 52 cm), as well as integrated mean soil water content in
the rooting zone (up to 22.5 cm depth) and overall integrated soil water content (2.5 through
52.5 depths) were compared, so soil water content at 12.5 cm was used in each model. NEE,
GPP and Reco all increased linearly with soil water content at 12.5 cm in both grasslands, and
the interactions between ecosystem type and SWC did not differ between sites (p > 0.05; Fig.
9d). Similar to SPEI, GPP was more sensitive than Reco to changes in soil water content
(Table 3). GPP and Reco increased with soil water content at a rate 3.7 and 2.8 times greater,
respectively, during the monsoon season than during the spring (Fig. 9e-f), while during the
monsoon season, GPP increased with soil water content at a rate 80% greater than that of Reco
(GPP slope = 0.33 and Reco slope = 0.18). This greater sensitivity of GPP to soil water
content, compared to Reco, explains why NEE decreased (greater carbon sequestration) in
both grasslands at a rate 5.8 times greater during the monsoon (slope = -0.15) than during
spring (slope = -0.026) (Fig. 9d). Soil water content, season, and an interaction between the
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two explained 54% of the variation in NEE (R2 = 0.56, p < 0.001), 69% of the variation in
GPP (R2 = 0.69, p < 0.001), and 81% of the variability in Reco (R2 = 0.81, p < 0.001) at these
sites.

Fig. 9 (a-c) Scatterplots showing the relationships between fluxes and SPEI 2. (d-f) Scatterplots showing the

relationships between fluxes and soil water content at 12 cm depth. Blue lines represent the ecotone site and
black lines represent the desert grass site. Spring is represented by dashed lines and the monsoon is represented
by solid lines.

Discussion
We used 11 years of continuously measured carbon exchange and ecological
measurements in two semiarid grassland sites at the Sevilleta National Wildlife Refuge
(LTER) to explore relationships between ecosystem structure and ecosystem function in
desert grasslands. We hypothesized that the greater diversity and biomass of the ecotone
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grassland should lead to higher rates of carbon sequestration. In addition, because of the
presence of B. gracilis in the ecotone, we expected to see faster ecosystem-scale flux
responses to precipitation events and slower decline in fluxes during periods of no
precipitation in this biome compared to the desert grassland. The ecotone grassland indeed
sequestered 30% more carbon than the desert grassland site from 2010 through 2020, and our
results suggest this was driven primarily by clay rich soils that supported greater biomass and
diversity. Overall, we found stronger relationships between carbon sequestration and higher
biomass than species richness or diversity. Despite the slight differences in vegetative
community between the two grasslands, the functional responses to abiotic factors were the
same. We found no evidence that presence of B. gracilis at the ecotone site influenced carbon
sequestration rates after precipitation events or during dry down periods between the ecotone
and the desert grassland sites. Below we discuss a conceptual framework that explains the
structural/functional relationships that drive carbon sequestration in these grasslands (Fig.
10) and the implications of this framework for: a) understanding the role diversity plays in
enhancing productivity in this biome; b) the potential for enhanced transition from Plains
grassland to Chihuahuan Desert grassland in the coming decades, and c) consequences of that
transition for ecosystem processes.
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Fig. 10 Schematic diagram of our conceptual framework for these grasslands. We propose that greater clay in
the soil allowed for greater soil water retention after rain events and that this leads to higher vegetation biomass
and diversity. The higher biomass would then drive greater carbon sequestration.

The importance of soil texture in explaining structure and function in desert grasslands
The relationship we observed between clay content, soil water content, diversity,
richness, and biomass and GPP is consistent with Singh et al., (1998), who found that
semiarid grasslands with greater clay content in the soil profile had consistently higher soil
water content, as well as higher grass, forb, and total vegetation cover. Higher clay content in
ecotone soils not only resulted in higher water availability in general but appear to buffer
water availability in the soil following rain events (Fig. 11). Soil texture is an important
driver of soil water content (Dong and Ochsner, 2018; Noy-Meir, 1973; Saxton et al., 1986),
such that variability in the proportions of sand, clay, and silt translate into differing rates of
water infiltration, runoff, and evaporation (Loik et al., 2004). Given the severe water
limitations the southwestern US experiences (Bradford et al., 2020), soil water content is one
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of the most important drivers of grassland community structure and carbon sequestration in
this region (Gremer et al., 2015; Knapp et al., 2015; Scott et al., 2015).

Fig. 11 Mean daily soil water content (%) at 12 cm depth after precipitation events during monsoon seasons of
(a) 2013, (b) 2014, (c) 2017, and (d) 2019. Solid lines represent soil water content at the desert grassland site
and dashed lines represent soil water content at the ecotone site. Bars represent total daily precipitation (mm)
for the ecotone site (blue) and the desert grassland site (black).

The role diversity may play in driving carbon sequestration in Chihuahuan Desert
grasslands
Although there are many examples in the literature of tight relationships between
plant diversity and/or richness and ecosystem productivity (Tilman et al., 1996; Wagg et al.,
2017; Zavaleta et al., 2010), our data support a more direct relationship between total
biomass and carbon sequestration rather than species diversity, richness, or specific species
per se. Although higher species richness in both grasslands in some years corresponded to
above average carbon sequestration, other years with high richness did not (Fig 8d-e). The
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very wet monsoon season of 2013 was the only period where diversity significantly increased
carbon sequestration. Although the lack of relationship between diversity and productivity is
contradictory with what has been observed in some mesic (Tilman et al; 1996, Zavaleta et al,
2010) and semi-arid grassland ecosystems (Maestre et al, 2012; Le et al, 2021; Milcru et al.
2014), meta-analyses across ecosystems have found that neutral and non-significant
relationships between diversity/richness and functioning are more common than significant
positive or negative relationships (van der Plas, 2019; Waide et al., 1999). However, greater
species richness was the strongest predictor of biomass at both sites in both seasons. This
positive relationship we observed between species richness and above-ground biomass is
consistent with findings from grassland ecosystems across the globe (Cardinale et al., 2007;
Connolly et al., 2011; Spehn et al., 2000; Wang et al., 2011; Yang et al., 2019) and could be
the result of complementarity in the niche partitioning of soil water (Guderle et al., 2018).
Given the stronger relationship between biomass and carbon sequestration in these
grasslands, species richness may be indirectly increasing carbon sequestration through
positive effects on total biomass.
Bouteloua gracilis’ faster response and higher photosynthetic rates after precipitation
events are not evident at the ecosystem level in the ecotone site
The largest contributor to the higher diversity and biomass at the ecotone site is B.
gracilis; however, it still makes up only 10% of plant cover at this site. Thomey et al. (2014)
found that B. gracilis responds more rapidly to precipitation events, recovers more quickly
after prolonged dry periods, photosynthesizes at a higher level, and maintains greater
photosynthesis rates for a longer period after precipitation. Given this combination of
functioning and traits, we predicted that the presence of B. gracilis in the ecotone site would
have a strong influence on primary production and carbon cycling in this community. Similar
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responses of fluxes to precipitation pulses or dry down periods in the two grasslands suggests
that there is not enough B. gracilis at the ecotone site to produce a difference in the responses
between these sites. Therefore, due to its relatively low abundance, B. gracilis does not seem
to be playing a key role in higher carbon sequestration rates at the ecotone site aside from
contribution to greater overall biomass.
The potential for and implications of transition from Plains grassland to Chihuahuan
Desert grassland
Long-term data from the Sevilleta LTER indicate that B. eriopoda (dominant species
in Chihuahuan grasslands) has increased in cover over the past two decades (Collins & Xia,
2015) and is less sensitive than B. gracilis to both mean and variability of drought (Rudgers
et al., 2018). Both of these observations suggest Chihuahuan Desert grassland should
increase at the expense of Plains grassland if drought intensifies (Rudgers et al., 2018).
Predicted intensification of drought in the Southwest (Bradford et al., 2020; Cook et al.,
2021) and the differences in soil texture between our two sites support this transition in the
coming decades. Plains grasslands, and B. gracilis in particular, typically occur on loamy
soils with clayey textures to clay-rich soils (Buxbaum and Vanderbilt, 2007). At the
Sevilleta, although B. eriopoda can grow very well in clayey soils, it is more commonly
found on loamy soils (sometimes sandy) often underlain by thick caliche layers (calcium
carbonate accumulations) (Muldavin et al., 1998), suggesting higher water availability is
required to support B. gracilis than B. eriopoda. An intensification of drought could facilitate
an increase in Chihuahuan Desert grassland at the expense of Plains grassland by allowing B.
eriopoda to persist in areas where B. gracilis cannot.
Interestingly, when we compare biomass between the black grama and blue grama
core sites at the Sevilleta, with the desert grassland and ecotone tower sites used in this study,
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we see all biomes with black grama have greater biomass (Fig. 12). If the state-transition
continues where Chihuahuan Desert grassland replaces Plains grassland, our results suggest
we will see a decline in species diversity and richness (Griffin-Nolan et al., 2019) and an
increase in biomass but a decrease in carbon sequestration. To fully understand the effects of
this potential state-transition, we need to more fully examine the carbon dynamics in the
pure/intact Plains grassland.

A

A

AC
B

Fig. 12 Mean annual biomass at Sevilleta black grama core site “Black grama,” blue grama core site “Blue
grama,” desert grassland, and ecotone. Values are from matching time periods for all sites. Error bars represent
±SE and different letters indicate significant difference (p < 0.05).

Conclusions
Given the ongoing state-transition from B. gracilis dominated Plains grasslands to B.
eriopoda dominated Chihuahuan Desert grasslands, understanding the relationship between
structure and function in these ecosystems is important for predicting how the carbon
dynamics of this region may change under future climate. Structurally, our sites in the
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Chihuahuan Desert grassland and ecotone between the Plains and Chihuahuan Desert
grassland were very similar yet highlight the importance of soil texture in driving differences
in biomass, diversity, and carbon sequestration in these grasslands. Our results give insight
into how resilient carbon sequestration may be in the coming decades, as drought is expected
to intensify and become more variable (Bradford et al., 2020; Cook et al., 2021; Seager et al.,
2007). An expansion of the ecotone should increase biomass compared to Chihuahuan Desert
or Plains grasslands and increase carbon sequestration overall. To fully understand the
implications of the transition, however, we need to know how much area is covered by the
ecotone across the region, and if the ecotone is likely to expand or contract over the next few
decades.
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